A method of fabricating fiber-reinforced composite based functionally gradient material is described in this paper. The material has continuously varying mechanical properties along the length. The continuous variation of the mechanical properties is achieved by continuously varying the fiber orientation using the braiding process. The test results indicate an elastic modulus increase by about 42% from the largest braid angle to the smallest braid angle for the material system and the orientation angle considered in the present study.
Introduction
In mid-eighties, the concept of continuously varying the properties within a material was proposed for thermal barrier applications [1-2.] . Continuous and smooth variation of properties can be achieved by changing the composition, microstructure, porosity etc. The continuous change in these parameters results in gradient in the properties of the material. Such materials are called "Functionally Gradient Material" (FGM). The continuous change in their properties distinguishes FGM from conventional composite materials. One of the first developments of FGM was a composite of heat-resistant ceramic and tough metal, with graded composition variation from ceramic to metal for relaxation of thermal stress [3] . Later, variety of FGMs were developed with ceramic-metal composites for a number of applications. A closer look reveals that the FGMs developed so far falls in the category of particulate composites. It is well known that particulate composites have very limited application as structural material. Continuous fiber composite materials have proven as advanced structural materials with applications ranging from aerospace to infrastructure. The advantages of fiber reinforced composites are the high specific properties and potential of tailorability. To date, the focus has been in exploiting the advantage of high specific properties and attention towards tailorability has been scant. The tailorability of fiber reinforced composites can be judiciously taken advantage, to develop high performance functionally gradient structural materials for a variety of engineering applications. This study presents our preliminary research work on the development of fiber reinforced composite based functionally gradient composite rods.
Fabrication details
The fabrication process consists of two important components. One, the preforming process, where the fiber yams are placed at the required graded angles and two, the composite forming process, where, the preform is impregnated with matrix and consolidated. The present study is a part of the on-going research for the development of composite dental post, which is essentially a composite rod of 1.75 mm diameter. Here, the process and the material system choosen are based on the requirements for the application. The preforming was done using the braiding process and the composite forming by the pultrusion process. The fibers used were kevlar and carbon. The rods made using this FGM are a hybrid of braided kevlar and unidirectional carbon fibers to satisfy the stiffness requirements of the intentded application.
The primary parameters, which control the braiding angle during braiding are the braider yarn carrier speed and the take-up speed. It is the ratio of the carrier speed and take-up speed, which defines the braiding angle. In the conventional braiding process this ratio is kept constant and hence braided preforms of constant braid angle are produced. In the present approach, this ratio was varied continuously to achieve a graded braiding angle. In addition, axial carbon fiber yarns were introduced in the center of the circular braid to form the core. For the present study a KOKUBUN braiding machine (Model 102-C13) with 20 carriers was used. In this machine two gears mesh to provide the required speed ratio between the take-up and the carrier. The present twenty carriers machine could achieve a braiding angle from about 10-degree to 43-degree. In practice, braiding angle can range from 5-degree which is almost parallel yarn braid to approximately 85-degree in a hoop yarn braid. However, because of the geometry limitations of yarn jamming, braiding angle that can be achieved for a particular braided preform is controlled by factors such as number of carriers and yarn size. Typical braided preforms with constant braid angle and graded braid angle are shown in Figure I . The axial carbon yam was introduced in order to improve the mechanical properties. The result is a hybrid composite system that consists of graded Kevlar braided sheath and carbon unidirectional core.
The dental post has a constant circular cross section along its length. This makes the pultrusion process the most suitable. Textile preform used as reinforcement was continuous and was good for pulling. Here, the continuous pultrusion process was modified into an intermitted process. For the present study, the wetted preform was pulled through a long and straight Teflon tube with a circular cross section. Once the tube length was filled with the preform, the wetted preform was cut and pulled through another Teflon tube. Later, these tubes were placed in an oven at 60-degrees centigrade for about six hours to ensure complete curing. On curing the tube was cut and the length FGM in post form was removed. This length was cut at appropriate section to get the dental post. The posts fabricated for the present study were all of 1.75 mm diameter. The schematic diagram of the fabrication process of the FGM is shown in Figure 2 . The speeds NI and N2 are the take-up and spindle speeds respectively.
Testing and evaluation
The fiber reinforced composite based FGM posts fabricated as described in the earlier section were tested for their mechanical properties. The different tests were carried out to determine the following properties: a. Fiber volume fraction b. Tensile modulus and strength c. Flexure modulus d. Compression modulus and strength Matrix digestion technique as per ASTM test method D3171-76 was used for fiber volume fraction determination. The procedure for tensile, flexure and compression was adapted from ASTM standard test method. Though the specimen geometry deviated from the ASTM recommendation, the ASTM standards served as guideline for the tests. Because of the small size and the circular cross section of the test specimen special end tabs were used to prevent failure in the gripping region. Extensometer was initially planned to be used for strain measurements. However, the clip-gauge type extensometer is bulky compared to the size of the specimen, causing large bending stress in the specimen. Also, video type non-contact extensometer could not be used as the strains being measured are small. Bonded resistance strain gages cannot be applied because of the limited surface area of the specimen. Hence, finally the crosshead displacement was used for strain calculations. All the mechanical tests were done on Instron 8500 Dynamic Loading Machine at a crosshead speed of 2mmlmin. The tests were carried out at room temperature. The compression test was done using an IITRI compression test fixture specifically fabricated for the present specimen size.
The measured overall fiber volume fraction of the FGM was 42%. It should be noted that the fiber volume fraction also vary along the length of the rod. This aspect can be also be judiciously used to tailor the gradient. The results of the various mechanical tests are presented in Table 1 . The results are for specimens with 10-degree and 43-degree braiding angles. The numerical values in Table 1 indicate the applicability of these materials for various biomedical applications. The variation of tensile modulus with braiding angle is shown in Figure 3 . For the materials system considered, the stiffness increase is steep between 15-degree and 35-degree. The stiffness increase from 43-degree to IO-degree is 42%. The Young's modulus oflO-degree braid was 27.8 GPa and that of 43-degree braid was 39.6 GPa. The Young's modulus ofFGM as seen in Table 1 is 32.3 GPa. In the present case, the Young's modulus of FGM is almost the averaged value at the smallest and largest braiding angles. This may generally be not true as the FGMs Young's modulus depends on the gradient of the braiding angle. On studying the failed samples, it was noticed that the failure for all the specimens occurred at the largest braiding angle. This indicates that the strength is controlled by the weakest link. For understanding the behavior of fiber reinforced composite based FGMs, further developments are needed in the characterization methods and also analysis tools/models.
Conclusions
A fabrication methodology has been described for making functionally graded composite rod. Such functionally graded composite materials have wide applicability as structural materials. The method has demonstrated the fabrication of high quality dental posts. The test results indicate that stiffness gradient can be tailored by varying the material and geometrical parameters. The fabrication method present here can be easily automated for large manufacture. The concept of fiber reinforced composite based FGM are new and novel. Such FGMs have mechanical properties required for most of the structural applications, hence, would be valuable in suppressing stress concentration and interfacial stresses at material interfaces in a structure. 
